Abstract: As described in previous work, TEWL (transepidermal water loss) is used as an indicator of skin barrier function and health by scientists at top research institutions. However, it is known to be unreliable because many other factors determine its value, such as humidity, temperature and moisture content of the skin. In this study, to help elucidate whether it is a good indicator of the health of skin, we used bivariate linear correlation analysis and the Pearson correlation coefficient to compare values of skin microbial biodiversity with TEWL. In 2017 in our previous work, microbial biodiversity was found to currently be the only reliable indicator of skin health. Diversity was also compared with moisture content and pH, along with TEWL vs. moisture. All data was taken from the use of human participants in our previous work in 2018. Results showed no linear correlation between microbial biodiversity and TEWL rates or any of the other variables. This suggests the need for researchers to make conclusions about TEWL rates and their meaning with regards to skin function and health, with caution. Future work should consider the possibility of non-linear relationships, use larger datasets and mitigate against the effect of non-normally distributed data.
Introduction
As the world is only just beginning to understand the crucial role the skin plays in overall health, research into the skin microbiome is a quickly growing topic. A combination of the skin barrier and one's innate immunity forms the delicate balance needed to maintain healthy skin. A perturbation in this balance can lead to the host becoming more vulnerable to cutaneous infections and inflammatory diseases. The skin barrier acts as the first line of defence in humans, shielding the host from invading pathogens and environmental agents. Trans-epidermal-water-loss rate in human skin is used as a measuring tool in evaluating skin barrier function and health in diseased and damaged skin [1] [2] [3] [4] [5] and is commonly used by some academic institutions for this purpose [6] . Higher rates of TEWL are associated with weakened barrier function and condition, which can be due to physical and chemical changes, or conditions such as eczema, whereas decreased TEWL is said to indicate an unimpaired or recovered skin barrier [7] [8] [9] [10] [11] [12] . Studies seemed to show an increase in TEWL on affected compared to clear areas on the skin of AD infant patients [13] [14] [15] [16] , however it is still being debated whether TEWL is linked to skin ailments in adults [17, 18] . Moreover, conclusions about skin condition in vivo using TEWL are known to be unreliable as many other individual and environmental factors can impact its value [19] [20] [21] [22] [23] [24] [25] [26] [27] , such as humidity, temperature [28] [29] [30] , moisture content of the skin, sweat gland activity [31] , metabolism [32] and other daily fluctuations [33] . It is evident that much work is needed to increase certainty about conclusions using TEWL rates, as they "should not be unconditionally ascribed to an alteration of skin barrier function [22] .
New research elucidated the meaning of skin 'health' in our previous work [34] , with discovery of what was described as the 'first and only reliable mechanism of measuring skin health using microbiome biodiversity'. When damaged or diseased, the skin always harbours a reduced diversity of microbial species compared to healthy or normal skin; the same trait as observed in other ecosystems across nature. Conversely, studies on TEWL produce inconsistent results. This discovery meant that the use of TEWL as an effective and reliable measure of skin damage and health could be tested. This study, therefore, performs bivariate linear correlation analysis on these variables using the Pearson correlation coefficient method [35, 36] to investigate whether a relationship between TEWL and microbial biodiversity exists. The relationship between biodiversity and pH and skin moisture; and TEWL and skin moisture was also tested to help knowledge of the factors affecting skin health. Healthier skin is associated with higher biodiversity, and lower TEWL rates, so if they are linked, we would expect to see a negative correlation. For pH, moisture and TEWL vs. moisture, it is less clear what links may exist.
Methods
This study uses data acquired in previous work with The Medical University of Graz [6] , within which the study design, interventions, study subjects and skin measurements, sample collection, DNA extraction and analytical and biometrical analysis are detailed. The data collected was used in this study to compare skin microbial diversity, pH, TEWL and moisture content of the skin of the thirty-two volunteers who completed the four-week study, where three different face washes were used to test their effect on the skin microbiome. Skin measurements/swabs were taken at T1 (start of the trial, T2 (two weeks in) and T3 (end of the four-week study). However, it is not essential to the understanding of this study to provide exact details of the regimes and processes. Please refer to our previous work for an in-depth explanation of the methods in case of the need or want to replicate.
Human skin samples were taken non-invasively and handled with approval by and in accordance with the Ethic Commission at the Medical University of Graz. The Ethics Commission stated that no ethical concerns are raised by the methods applied and approved the following procedures without the need for an ethics vote. Informed verbal consent was obtained from each prior to the study. Samples were treated anonymously, and human material was not the focus point of this study. Microbial samples or data derived cannot be linked to a certain individual. The process of the experimentation was agreed upon by The Medical University of Graz, and ACIB (The Austrian Centre of Biotechnology), a not-for-profit research organisation through whom the funding application was made.
As an example of how TEWL is commonly used to determine 'skin health', the research team at The Medical University of Graz, based on the instructions from courage and khazaka, divided the skin samples into groups of 'skin health' based on TEWL measurements. The lowest value group was said to have 'very healthy' skin and values exceeding a certain level were said to be in 'critical' skin health.
Data Analysis-Correlation and Distribution
In the previous study [6] , two alpha diversity indices were used to analyse the data: Chao1 and Richness. The average skin health of participants was said to be higher when higher biodiversity was observed. In this study Chao1 is used. The Chao1 index is believed to give the most representative description of the microbial diversity present on the skin. For a better description of how it manages this, and why it is preferred in this research, see our first paper [34] or previous work [37, 38] .
The data acquired in our previous work [6] was used to create graphs of Diversity vs. TEWL, Moisture and pH; and TEWL vs. Moisture. As measurements were taken at three different timepoints in the previous study (T1, T2 and T3) there were three graphs created to compare along with the combined data for all time points. The change in TEWL, diversity, skin moisture and pH from T1 to T2, T2 to T3 and T1 to T3 was plotted to investigate a link between changing data. Bivariate correlation analysis was performed which describes the strength of a linear association between two variables. The Pearson correlation coefficient, or 'r', was calculated for each data set [35, 36] . Indicated in Section 3.6 is whether the correlation coefficients 'r' exceeds the value needed for a correlation to be observed (r req ) in each dataset. This is obtained using the table of correlation coefficients displayed in Table 1 [39] , where r req needed for correlation is shown at different degrees of freedom and probability levels. 'Degrees of Freedom' is the number of data points on any given graph, minus two. The JMP statistical analysis programme was used to form graphs in Section 3. The remaining graphs were created in Excel. All the data sets were tested for normal distribution, primarily by performing a Shapiro-Wilk test, which is useful for small to medium sample size (n < 300) [40] . Small p-values (p < 0.05) reject the null hypothesis (H 0 = The data is from a normal distribution). The observation of histograms, normal Q-Q and box plots was also used to test for normally distributed data, with the results shown in Section 3.1. It is noted that, due to measurement principle of TEWL, it is an example of skewed distribution, so non-normality should be observed. The tests for normality were made because the Pearson correlation coefficient can be influenced by data distribution and therefore non-normal distributions could be a source of error to consider in future work.
Results

Sample Characteristics
A Shapiro-Wilk test (p > 0.05) [41, 42] , a visual inspection of their histograms, normal Q-Q plots and box plots showed that the exam scores were approximately normally distributed for the datasets used in this study. An example using data from this study of a histogram and normal Q-Q plot for approximately normal and non-normal data is shown in Figure 1 . Normally distributed data should plot close to the diagonal straight line in the Q-Q plot and should have an approximate symmetrical bell-curve shape in the histogram. Table 2 shows the Shapiro-Wilk test of normality p-values for all datasets, along with whether they accept or reject the null hypothesis (that the data is normally distributed). It is evident from Table 2 that the TEWL datasets are all defined as non-normal using the Shapiro-Wilk test. The datasets for pH are all deemed normally distributed while the other two are split. Table 2 shows the Shapiro-Wilk test of normality p-values for all datasets, along with whether they accept or reject the null hypothesis (that the data is normally distributed). It is evident from Table 2 that the TEWL datasets are all defined as non-normal using the Shapiro-Wilk test. The datasets for pH are all deemed normally distributed while the other two are split. Figure 2 shows the microbial diversity against TEWL on the skin of the human volunteers at each timepoint of measuring. Figure 3 shows the change in both these variables plotted against each other. Due to the number of data points and using Table 1 , the minimum correlation coefficient needed for a statistical relationship to exist is rreq = 0.349 (p = 0.05) for all graphs in this section apart from Figure 2D , where rreq = 0.201 (p = 0.05). None of the graphs in this section displayed an r-value higher than these, indicating there is no relationship between the variables. The clear outliers, and data distribution for TEWL being characteristically skewed and non-normal (Table 2) in this section could both have affected the value of r and will need to be scrutinized in future work. Figure 2 shows the microbial diversity against TEWL on the skin of the human volunteers at each timepoint of measuring. Figure 3 shows the change in both these variables plotted against each other. Due to the number of data points and using Table 1 , the minimum correlation coefficient needed for a statistical relationship to exist is r req = 0.349 (p = 0.05) for all graphs in this section apart from Figure 2D , where r req = 0.201 (p = 0.05). None of the graphs in this section displayed an r-value higher than these, indicating there is no relationship between the variables. The clear outliers, and data distribution for TEWL being characteristically skewed and non-normal (Table 2) in this section could both have affected the value of r and will need to be scrutinized in future work. Table 3 . Figure 4 shows human skin microbial diversity of the volunteers plotted against their average skin moisture at each timepoint. Figure 5 shows the change in the same variables between different timepoints plotted against each other. Two out of seven graphs ( Figures 4B and 4D ) display a correlation (r = −0.43 and r = −0.32 respectively), and both these correlations are not only visible at p = Table 3 . Figure 4 shows human skin microbial diversity of the volunteers plotted against their average skin moisture at each timepoint. Figure 5 shows the change in the same variables between different timepoints plotted against each other. Two out of seven graphs ( Figures 4B and 4D ) display a correlation (r = −0.43 and r = −0.32 respectively), and both these correlations are not only visible at p = Table 3 . Figure 4 shows human skin microbial diversity of the volunteers plotted against their average skin moisture at each timepoint. Figure 5 shows the change in the same variables between different timepoints plotted against each other. Two out of seven graphs ( Figure 4B ,D) display a correlation (r = −0.43 and r = −0.32 respectively), and both these correlations are not only visible at p = 0.05 level but p = 0.01 too, rendering them stronger. When outliers were excluded, the value of 'r' changed drastically. This is an example of Pearson's coefficient being very sensitive to outliers. For example, when the outlier in the bottom right of Graph (C) in Figure 4 was removed, it gave the data a strong positive correlation, a change from r = −0.040; to r = 0.49 (p < 0.01).
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Discussion
Overall, a statistically significant correlation was evident in three of 28 data sets. A relative increase in microbial diversity (using the Chao1 index) is associated with healthier skin [34] , just as a decrease in TEWL rates is linked to a strengthened skin barrier. If there is a linear relationship between diversity and TEWL rates, a negative correlation should have been observed. No linear correlation was observed as none of the datasets in Section 3.2 had a value of r exceeding r req needed for correlation. The non-normality of all TEWL data could have influenced correlation results.
The relationship between diversity and moisture on the skin had the highest proportion of graphs displaying a correlation. Two of the seven graphs showed a statistically significant correlation, and only one 'r' value is not negative. This suggests there is a larger negative correlation than between diversity and TEWL, where no correlation was observed, however, it is still very weak and should be investigated further. A correlation was observed in the 'combined' graph for diversity and pH.
It was proposed that absolute TEWL values matter less than changes over time [43] , however our results for changes in TEWL compared to changes in diversity (to solve this problem) show no correlations. This is also true for the other comparisons. In future work on the topic, more should be done to keep constant other factors which affect TEWL, to isolate TEWL rates and diversity as the only two forcing factors. This would be possible with some environmental characteristics, however innate bodily functions such as metabolism and sweat gland activity would pose more of a challenge. It should also be performed on participants with ranging states of healthy and damaged skin, as this may give more disparity in TEWL values.
Pearson's correlation coefficient is sensitive to both outliers and data distribution [35, [44] [45] [46] [47] and is a measure of linear bivariate correlation, however it does not require normal distribution to run. The more dissimilar the distribution shapes between X and Y variables, the lower the maximum value of 'r' [48, 49] . Therefore, as TEWL data has non-normal distribution, this could have affected the value of 'r'. A nonparametric equivalent to Pearson's correlation such as the use of the Spearman rho correlation method [35, 50] , which is more robust to outliers and distribution, should be used in the future to mitigate against the effect of outliers, non-normally distributed data and to assess non-linear associations. These tests would give more meaningful results for data found to be outside the criteria for approximate normal distribution. A larger sample size should be used in the future so the use of other normality tests such as kurtosis and skewness can be performed, using standard error to find z scores which should fall between +2 and −2 for normal distribution [51] [52] [53] . When using visual methods such as Q-Q plots and histograms, larger datasets are needed for increased accuracy. Larger sample sizes will also be able to provide a more accurate depiction of the relationships involved.
The Shapiro-Wilk test for normality is also shown to be sensitive to outliers in this study. The removal of one distant outlier from a dataset changed the p-value from <0.0001 to 0.357. This could indicate a weakness in the Shapiro-Wilk test.
Conclusions
This study showed no evidence of a linear correlation between the skin's microbial diversity and TEWL rates. Taking previous work on the skin-health measuring mechanism using microbial biodiversity to be a reliable indicator of skin health, this suggests the need to take conclusions about TEWL rates and its reliability in determining the health of the skin barrier, with caution. The relationship between diversity and skin moisture showed the strongest signs of a correlation. A firm linear relationship between diversity and pH; or TEWL and moisture, was not found. The findings could affect how 'skin health' groupings are made in future studies and dissuade research institutions from interpreting too much from TEWL rates. Future work should statistically determine if there are non-linear relationships present which could account for the lack of linear correlation and use more participants with damaged skin.
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